Purpose The purpose of this study was to examine lumbar segmental mobility using kinetic magnetic resonance imaging (MRI) in patients with minimal lumbar spondylosis. Methods Mid-sagittal images of patients who underwent weight-bearing, multi-position kinetic MRI for symptomatic low back pain or radiculopathy were reviewed. Only patients with a Pfirrmann grade of I or II, indicating minimal disc disease, in all lumbar discs from L1-2 to L5-S1 were included for further analysis. Translational and angular motion was measured at each motion segment. Results The mean translational motion of the lumbar spine at each level was 1.38 mm at L1-L2, 1.41 mm at L2-L3, 1.14 mm at L3-L4, 1.10 mm at L4-L5 and 1.01 mm at L5-S1. Translational motion at L1-L2 and L2-L3 was significantly greater than L3-4, L4-L5 and L5-S1 levels (P \ 0.007). The mean angular motion at each level was 7.34°at L1-L2, 8.56°at L2-L3, 8.34°at L3-L4, 8.87°a t L4-L5, and 5.87°at L5-S1. The L5-S1 segment had significantly less angular motion when compared to all other levels (P \ 0.006). The mean percentage contribution of each level to the total angular mobility of the lumbar spine was highest at L2-L3 (22.45 %) and least at L5/S1 (14.71 %) (P \ 0.001). Conclusion In the current study, we evaluated lumbar segmental mobility in patients without significant degenerative disc disease and found that translational motion was greatest in the proximal lumbar levels whereas angular motion was similar in the mid-lumbar levels but decreased at L1-L2 and L5-S1.
Introduction
Lumbar disc degeneration, a common cause of low back pain, can be associated with lumbar spine segmental instability [1, 2] . Spinal instability is defined as excessive motion beyond the normal range of vertebral motion [3, 4] , which can cause compression or stretching of the neural elements, or result in abnormal deformations of sagittal spinal alignment. Studies have evaluated instability by measuring segmental motion in the lumbar spine using a variety of methods, including flexion-extension radiographs [5] , CT-based approaches [6] , and invasive spinous wires [7] . The effectiveness of these techniques is limited by the associated radiation exposure, decreased accuracy secondary to differences in magnification of plain films, and small sample sizes of subjects and morbidity associated with invasive techniques.
Magnetic resonance imaging (MRI) has become the preferred diagnostic method for intervertebral disc pathology [8] , as degenerative changes in the disc such as loss of water and proteoglycan content are reflected in MR images. Kinetic magnetic resonance imaging (kMRI) can be a valuable modification to traditional MRI in which images can be obtained of patients in weight-bearing flexionextension positions. This provides additional information unavailable on normal supine MR imaging of the spine and can be used to noninvasively demonstrate the mobility of each motion segment and define regions of spine motion. Combined with digital imaging software that allows accurate, reproducible measurements of distance and quantification of motion, kMRI represents a useful tool in analyzing spinal kinematics.
Using kMRI, previous studies have shown the effect of lumbar disc degeneration on lumbar segmental mobility [9, 10] . In addition to understanding how spondylosis affects lumbar segmental motion, it is important to define lumbar segmental motion in patients without significant spondylosis. Knowing the relative contributions of each lumbar motion unit to lumbar segmental mobility may allow surgeons to predict the impact that pathologic changes or surgical interventions, such as fusion at a given motion segment, may have on adjacent levels and to further evaluate the cause of adjacent segment disease.
In the current study, we aim to determine the kinematics of each spinal motion unit in the lumbar spine in patients without significant degenerative disc disease and thus establish normal values for translational and angular lumbar segmental motion and the relative contribution of each segment to total lumbar segmental motion.
Materials and methods
Lumbar disc degeneration and disc grading system All patients were referred for kMRI due to complaints of low back pain with or without leg pain. Three blinded spine surgeons (A-C) graded the degree of disc degeneration using T2-weighted neutral sagittal images according to the grading system proposed by Pfirrmann et al. [8] (Table 1) . Grade I (Fig. 1a ) and grade II (Fig. 1b) discs were considered mildly degenerative discs. Grade III and grade IV discs were considered moderately degenerative discs. Grade V discs were classified as severely degenerated discs. The reliability of the MR imaging grading was estimated using agreement percentages and kappa statistics within each observer (intraobserver reliability) and between the three observers (interobserver reliability). The agreement was listed as follows: kappa values 0-0.2 indicated slight agreement; 0.21-0.4 fair agreement; 0.41-0.60 moderate agreement; 0.61-0.8 substantial agreement; and C 0.81 excellent agreement. Only patients with grade I or II discs at all lumbar vertebral levels ( Fig. 1c) were included (i.e. a patient with a grade III disc or higher at any lumbar level was excluded). Fig. 1 Grading of lumbar intervertebral discs was performed based on the grading system proposed by Pfirrmann et al. for degenerative changes. a Grade I: the structure of the disc is homogeneous, with a bright or hyper-intense white signal intensity in addition to a normal disc height. b Grade II: the structure of the disc is inhomogeneous, with a hyper-intense white signal. The distinction between nucleus and anulus is clear, but the disc height is normal, with or without horizontal gray bands. c Only patients demonstrating grade I or II discs at all lumbar levels were included in the study
Patient population
Of over 550 lumbar MRIs were reviewed, and 100 patients (500 intervertebral discs) were identified that met the inclusion criteria. A total of 43 female and 57 male patients were included and the mean age of participants was 32.6 years (range 18-57 years). Exclusion criteria included a previous history of spinal surgery, vertebral fractures, tumor, spondylolisthesis, or scoliotic deformity. The Institutional Review Board approved this study and informed consent was obtained from all participants. The study measured all functional lumbar spinal levels (L1-L2, L2-L3, L3-L4, L4-L5, and L5-S1).
Kinetic MR imaging MRI of the spine was performed using a 0.6 tesla MRI scanner (Upright Multi-Position, Fonar Corp., New York, NY). Two vertically orientated opposing magnetic doughnuts placed 18 in. apart were used, allowing scanning of the patient standing in an upright axially loaded position. A quad channel planar coil was used to obtain images. We examined the T1-weighted sagittal spin echo images (repetitive time 671 ms, echo time 17 ms, thickness 4.0 mm, field of view 30 cm, matrix 256 9 224, NEX 2) and T2-weighted fast spin echo images (repetition time 3,000 ms, echo time 140 ms, thickness 4.0 mm, field of view 30 cm, matrix 256 9 224, NEX 2) of each patient. All patients were scanned in flexion (30°), neutral, and extension (20°) positions.
Measurements of segmental translational and angular motion
Mid-sagittal T2-weighted images were marked for digitalization by a spine surgeon from L1 to S1 on the flexion, neutral and extension position images. The vertebral body was marked at four points (anterior-inferior, anteriorsuperior, posterior-superior, and posterior-inferior corners). Segmental translational and angular motion were calculated using MRI analyzer Version 3 software (Truemetric Corp., Bellflower, CA) as previously described [11] . The amount of segmental translation was defined as the difference in displacement between two vertebrae from flexion to extension (Fig. 2a, b ). Segmental angular motion was defined as the difference in intervertebral angles between two adjacent vertebrae from flexion to extension (Fig. 2c, d ).
The percentage contribution of each individual segment to the total angular mobility of the lumbar spine was measured to elucidate the role of each spine unit in the changes of sagittal alignment and was defined as follows: [(sagittal angular motion of each segment in degrees)/(total sagittal angular motion in degrees) 9 100].
Statistical analysis
All statistical analyses were performed using SPSS software (version 15, SPSS, Chicago, IL). The Mann-Whitney test was used to make comparisons among the five lumbar levels. A P value less than 0.05 represented a significant difference.
Results

Intra-and inter-observer agreement
The kappa values for intra-and inter-observer agreement for grading of the intervertebral discs on the 100 subjects are listed in Table 2 . Intra-observer agreement among the three observers was excellent with kappa values ranging from 0.976 to 0.985. Similarly, inter-observer agreement results were excellent, with kappa values ranging from 0.962 to 0.970. A, B, and C represent three independent blinded observers grading the lumbar discs Values presented as mean ± SD * Significant difference between L1-L2 and L2-L3 compare to all other levels (P \ 0.007) ** Significant difference between L5-S1 and L1-L2 when compared to all other levels (P \ 0.05) L5-S1 contributes significantly less to total angular mobility when compared with all other levels (P \ 0.001) 
Translational motion
The average translational motion of the lumbar spine at each level was 1.38 ± 0.78 mm at L1-L2, 1.41 ± 0.95 mm at L2-L3, 1.14 ± 1.09 mm at L3-L4, 1.10 ± 0.89 mm at L4-L5 and 1.01 ± 1.00 mm at L5-S1 (Table 3 ; Fig. 3a) . The L1-2 and L2-3 motion units had significantly greater translational motion than L3-4, L4-L5 and L5-S1 levels (P \ 0.007). In general, the translational motion decreased from proximal to distal levels.
Angular motion
The mean angular motion of the lumbar spine at each level was 7.34 ± 4.00°at L1-L2, 8.56 ± 4.07°at L2-L3, 8.34 ± 4.83°at L3-L4, 8.87 ± 5.41°at L4-L5, and 5.87 ± 4.45°at L5-S1 (Table 3 ; Fig. 3b ). The angular motion of the lumbar spine was increased from L1-L2 to L2-L3 (P = 0.015). Angular motion was noted to be similar in the middle lumbar segments (L2-L3 to L4-L5) and then significantly decreased at the L5-S1 segment (P \ 0.006). With respect to the individual contribution of each segment to the total angular mobility of the lumbar spine, the L5-S1 segmental units contributed the least (Fig. 4) , with a significant difference when compared with L1-L2 (P = 0.001), L2-L3 (P = 0.000), L3-L4 (P = 0.000) and L4-L5 (P = 0.000) ( Table 3) .
Gender analysis
A total of 43 females and 57 males were included in the study. Comparisons between genders were made in terms of translational and angular motion at each motion segment. No significant differences were observed between female and male patients at any lumbar motion segment ( Table 4) .
Discussion
A thorough understanding of lumbar segmental motion is valuable to understand lumbar spine disease, and may help predict how treatments that affect lumbar segmental mobility will affect adjacent motion segments. In the current study, we evaluated several hundred lumbar spine MRIs and selected patients without significant spondylosis at any lumbar level to determine the relative contributions of each motion segment to translational and angular motion in the lumbar spine. Translational motion was greatest in the proximal lumbar levels whereas angular motion was similar in the mid-lumbar levels but decreased at L1-L2 and L5-S1. Many investigations have reported attempting to define normal values of lumbar motion, including goniometry [12] , cineradiography [13] , and videofluoroscopy [14] . However, none of these studies have accurately assessed translational and angular motion at each motion segment in the lumbar spine. Ochia and colleagues [6] have published one of the few studies attempting to define lumbar segmental motion from L1 to S1 in patients without degenerative disc disease. Three-dimensional measurements Fig. 4 Percentage of angular motion contributed by each level to total angular mobility. Asterisk represents significantly lower contribution of L5-S1 functional unit to total angular mobility when compared with all other lumbar levels (P \ 0.001) Values are presented as mean ± SD P value was set as \0.05, and no significant differences were observed Eur Spine J (2012) 21:2673-2679 2677
were performed after CT scan of the lumbar spine of 16 healthy, asymptomatic volunteers with a mean age of 33.5 years for females and 35.9 for males. Similar to the current study, investigators found that lumbar angular mobility with flexion-extension was lowest at L1-2 and L5-S1 compared to the middle lumbar segments. However, lateral bending motion was greatest at L5-S1. No gender differences were observed. Segmental instability in the lumbar spine, often defined as greater than 3 mm of translation in the AP direction [15, 16] , is considered to be abnormal and has been associated with lower back pain and sciatica [1] . MRI studies of the lumbar spine have indicated that even small changes in translational motion are correlated with disc degeneration. Karadimas et al. [17] studied healthy and degenerative discs using positional MR images and found that changes in segmental motion were related to the degree of disc degeneration. Using kMRI, Kong et al. [9, 10] found that the prevalence of excessive translational motion significantly increased in patients with grade IV discs, but decreased when the disc degeneration advanced to grade V. Angular motion was similar regardless of disc grade, except in grade V degeneration in which angular motion decreased significantly.
However, in the analyses discussed above, the lumbar motion units were considered in isolation, without considering the effect of disc degeneration at one level on the segmental motion at adjacent or subadjacent levels. This distinction is important, and the effects of disc degeneration on lumbar segmental mobility have been observed clinically. In a comparison of rigid fusion versus dynamic non-fusion stabilization for L4-5 degenerative spondylolisthesis, Morishita et al. [18] found that a significant portion of angular motion occurred at L5-S1 (29-34 %) adjacent to the degenerative L4-5 level before treatment with fusion or dynamic stabilization. This is in contrast to our study of patients without significant spondylosis, in which the least angular motion occurred at L5-S1, accounting for only 14.7 % of total lumbar angular motion.
The assessment of lumbar motion is also of benefit for anticipating the effects of spinal fusion on adjacent, unfused segments and to help determine if adjacent segment disease is secondary to surgical fusion, or part of the natural history of lumbar spondylosis. Many clinical studies have described accelerated degeneration of lumbar segments adjacent to the site of a previous spinal fusion [19] [20] [21] and biomechanical studies have shown that lumbar fusion produces increased motion and increased intradiscal pressure at adjacent levels [22] [23] [24] [25] .
There are important limitations to the present study. Although we aimed to define normal values for lumbar segmental motion, patients were referred for an MRI based on symptoms of low back pain or radiculopathy and thus are not completely normal. In addition, to achieve a significant number of patients for analysis, patients with grade II discs were included in the study. Lastly, we have not taken into account the other factors that may affect segmental mobility, such as degenerative changes of the facet joint, ligamentum flavum, and paraspinal muscles. These structures also play an important role in determining abnormal segmental mobility individually or in combination with disc degeneration [3, 10] . Despite these limitations, this study evaluates lumbar segmental mobility in a large population of young patients with a safe and practical imaging technique.
Conclusion
In this study, we used kinetic MRI to measure lumbar segmental mobility in a young cohort of patients without significant spondylosis to define the relative contribution of each lumbar segment to lumbar motion. Information on lumbar spine kinematics is valuable for understanding and treating spine disorders such as degenerative disc disease and for evaluating phenomena such as adjacent segment disease. Additionally, this information will allow for future studies in which changes from these values are observed in patients with different pathologies of the lumbar spine.
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